Synthetic carbamates constitute a significant pesticide group with oxamyl being a leading compound in the nematicide market. Oxamyl degradation in soil is mainly microbially mediated. However, the distribution and function of carbamate hydrolase genes (cehA, mcd, cahA) associated with the soil biodegradation of carbamates is not yet clear. We studied oxamyl degradation in 16 soils from a potato monoculture area in Greece where oxamyl is regularly used. Oxamyl showed low persistence (DT 50 2.4-26.7 days). q-PCR detected the cehA and mcd genes in 10 and three soils, respectively. The abundance of the cehA gene was positively correlated with pH, while both cehA abundance and pH were negatively correlated with oxamyl DT 50 . Amongst the carbamates used in the study region, oxamyl stimulated the abundance and expression only of the cehA gene, while carbofuran stimulated the abundance and expression of both genes. The cehA gene was also detected in pristine soils upon repeated treatments with oxamyl and carbofuran and only in soils with pH ≥7.2, where the most rapid degradation of oxamyl was observed. These results have major implications regarding the maintenance of carbamate hydrolase genes in soils, have practical implications regarding the agricultural use of carbamates, and provide insights into the evolution of cehA.
INTRODUCTION
Synthetic carbamates constitute one of the major groups of synthetic insecticides on the global market (Casida and Durkin 2013) . They are synthetic analogues of the natural carbamate physostigmine, which was detected in the seeds of the poisonous legume Physostigma venenosum and acts as a reversible inhibitor of acetylcholinesterase (Zhao, Moochhala and Tham 2004) . The recent market ban on several carbamates (i.e. aldicarb, carbofuran and pirimicarb) made oxamyl the most important member of this group. Oxamyl is an oximino carbamate used in areas of potato cultivation for the control of potato cyst Table 1 . The DT 50 values of oxamyl in the studied soils from the plateau of Lasithi. The coordinates of the field sites from the soils used in the study and the physicochemical properties of the soils are listed. DT 50 values were calculated after fitting the first order kinetics (FOK) model unless otherwise indicated. nematodes (Globodera sp.). Oxamyl is not persistent in soil (DT 50 of 1.1-33 days) (Gerstl 1984; Osborn et al. 2010) and is hydrolysed releasing the carbamoyl moiety and oxamyl oxime (Rousidou et al. 2016) . The latter does not persist and is further degraded by soil microorganisms. Several reports have stressed the key role of the soil microbiota (Smelt et al 1987; Osborn et al. 2010) and pH (Smelt et al 1983) on the degradation of oxamyl in soil. Smelt et al (1996) demonstrated that strong interactions between pH and the soil microbiota determine the development of accelerated biodegradation of oxamyl. This phenomenon is common in regions of potato cultivation where the limited number of available soil insecticides/nematicides and the monoculture character of potato cultivation force growers to use the same chemical in the same field for a number of years, favouring the development of accelerated biodegradation (Karpouzas et al. 2004; Papadopoulou et al. 2016) .
Bacteria able to rapidly degrade carbamates like carbofuran (Desaint et al. 2000) , carbaryl (Hashimoto et al. 2002) and oxamyl (Rousidou et al. 2016) have been isolated from soils exhibiting accelerated biodegradation and the genes involved in the hydrolysis of carbamates were identified. Tomasek and Karns (1989) first isolated a plasmid-encoded carbofuran-hydrolase gene mcd from Achromobacter WM111. Studies that followed detected mcd in carbofuran-degrading bacteria isolated from Europe (Parekh, Hartmann and Fournier 1996) and Canada (Topp et al. 1993) . More recent studies reported the isolation of two carbaryl-hydrolase genes, namely cehA and cahA, from a Rhizobium (Hashimoto et al. 2002) and an Arthrobacter strain, respectively (Hashimoto et al. 2006 ). The cehA gene was then detected in oxamyl-degrading Pseudomonas strains from Greece (Rousidou et al 2016) and in a carbofuran-degrading Novosphingobium strain from Vietnam (Nguyen et al. 2014 ). All we know about these genes comes from studies either with axenic cultures of carbamate-degrading bacteria or with the purified carbamate hydrolases encoded by the cehA and mcd genes. Little is known about the true magnitude of their distribution in soils and the environmental factors controlling their soil dispersal. In addition their role in the in situ biodegradation of carbamates in soil is still not proven. Novel information on these issues will provide a good estimation of the biodegradation potential of soils against carbamates. From an agricultural perspective this will allow the timely implementation of measures for preventing the establishment of accelerated biodegradation and potentially reduced agronomic performance.
The aims of this study were to (i) investigate the role of the carbamate hydrolase genes cehA and mcd in the soil biodegradation of carbamate pesticides, (ii) explore the distribution of the carbamate hydrolase genes cehA and mcd, and (iii) identify the factors that drive their occurrence in soils in association with the degradation of carbamates.
MATERIALS AND METHODS

Pesticides
Analytical grade oxamyl (99.6%), carbofuran (99.9%), iprovalicarb (99%), pirimicarb (99%), prosulfocarb (99%) (Pestanal R , Fluka, Switzerland) and oxamyl oxime (100%, DuPont, USA) were used for all soil experiments and analysis. Standard solutions of these chemicals were prepared in methanol (carbofuran, prosulfocarb), acetonitrile (iprovalicarb) and mixtures of acetonitrilewater (20:80 v:v for oxamyl and oxamyl oxime; 50:50 v:v for pirimicarb) and used for chromatographic analysis.
Soils
The agricultural soils used for studying the degradation of oxamyl and other carbamates were collected from the plateau of Lasithi, which constitutes one of the most important potato monoculture areas in Greece characterised by long history of oxamyl use. Soil samples were collected from 16 field sites (Table 1, Supplementary Fig. S1 ) during annual surveys (years 2010 and 2013) for the detection of potato cyst nematodes. Pristine soils were collected in 2015 from forests, grasslands and organic farming field sites from Greece and Chile (Table 2) . Pristine soils were not exposed to any pesticides for at least the last 20 years.
From each site (agricultural and pristine), five subsamples were collected from the top 0-20 cm following the W nonsystematic pattern of sampling, according to ISO 10381-1 and -2 guidelines (ISO, 2002) , and mixed thoroughly to provide a single bulk soil sample per field site. Soils were partially air-dried overnight, if necessary, sieved to pass a 3-mm mesh and stored at 4
• C until further processed (storage period never exceeded 30 days). The physicochemical properties of all soils were determined (Tables 1 and 2 ). Organic carbon content was measured according to Walkley and Black (1934) . Soil pH was measured in mixtures of air-dried soil-deionised water (1:2 w/v). Soil texture was determined using the Bouyoucos hydrometer method (Sheldrick and Wang 1993) . Moisture content was determined by oven-drying subsamples at 110
• C for 24 h. Water holding capacity was measured gravimetrically following saturation of the soil (30 g) with distilled water in a funnel with Whatman no. 1 filter paper and allowing it to drain for 24 h.
Soil microcosm experiments
Oxamyl degradation and abundance of the carbamate hydrolase genes in agricultural soils Soil samples (200 g) from each field site received an equal volume of an aqueous solution of oxamyl (240 mg L −1 ) prepared by its commercial formulation (VYDATE R , 240 g L −1 ) resulting in an oxamyl soil concentration of 10 μg g −1 soil dry weight. Distilled water was added to all soils to adjust the moisture content to 40% of their water holding capacity, and samples were briefly mixed by hand. All samples were then divided into 15 subsamples of 10 g (3 replicates × 5 sampling times), which were placed in aerated plastic bags and incubated in the dark at 25 • C. Immediately before incubation and 3, 7, 14 and 30 days post-application triplicate, subsamples were analysed for oxamyl and oxamyl oxime residues via HPLC. The weight of all subsamples was recorded at the beginning of the incubation and used to maintain the soil moisture content during the incubation. Apart from chemical analysis, triplicate samples (5 g) from each soil were removed prior to pesticide application and used for the determination of the abundance of the cehA, mcd and cahA genes by q-PCR.
Degradation of other carbamates and the dynamics of cehA and mcd genes in soil
We further investigated the interactions of the cehA and mcd genes with carbamate pesticides previously or currently used in the study region. Five samples (190 g) from the field site Lasithi 15 (L15), where both the cehA and mcd genes were initially detected, were treated with aqueous solutions (190 mg L −1 ) of the carbamate pesticides oxamyl, carbofuran, pirimicarb and methanolic solutions (475 mg L −1 ) of prosulfocarb and iprovalicarb (insoluble in water). These applications aimed at a final pesticide concentration in soil of 5 μg g −1 . A final sample of the same soil received the same amount of methanol and water without pesticide to serve as control. The soil samples treated with aqueous pesticides solutions were also treated with methanol for comparative purposes. All soil samples (pesticide-treated and control) were then divided into 15 subsamples (10 g) (3 replicates × 5 sampling times), which were placed in aerated plastic bags and incubated as described above. Immediately after pesticides application and 3, 7, 14 and 28 days later triplicate subsamples from each treatment were analysed for pesticide residues or used for DNA extraction and q-PCR determination of the abundance of the cehA and mcd genes.
Expression of the cehA and mcd genes in soil treated with oxamyl and carbofuran
To further verify the involvement of the cehA and mcd genes in the degradation of oxamyl and/or carbofuran, their expression in soil during degradation of a fresh pesticide addition was determined. Three soil samples from the field site L15 (3 × 300 g) were prepared. The first two samples received four successive applications of oxamyl and carbofuran (applied as aqueous solutions of 190 mg L −1 ) aiming each time at a pesticide soil concentration of 5 μg g −1 . In parallel the third sample received the same volume of water without pesticides to serve as untreated control. Successive applications were performed only after the degradation of the previous pesticide addition was completed (as determined by HPLC). Right after the fourth pesticide or water addition, the three samples (oxamyl-treated, carbofuran-treated and water-treated control) were separated into 15 subsamples (10 g) (3 replicates × 5 sampling times), which were placed in aerated plastic bags and incubated as described above. Immediately after the fourth pesticide application (time 0 h) and at regular intervals thereafter triplicate subsamples were removed from the incubator and stored at -20
• C for determination of pesticide concentration or at -80
• C for DNA/RNA extraction and determination of the abundance and expression of the cehA and mcd genes.
Degradation of oxamyl and carbofuran in pristine soils and occurrence of the cehA and mcd genes
Based on their widespread occurrence in agricultural soils, we explored the distribution of carbamate hydrolase genes in pristine soils from different regions ( Table 2 ). Three replicate samples (100 g) from each pristine soil were treated at 0, 26 and 48 days with a mixture of oxamyl and carbofuran (aqueous solution 200 mg L −1 ) aiming each time at a final soil concentration of 5 μg g −1 for each pesticide. In parallel, triplicate samples from each pristine soil (100 g each) were treated on the same days with the same volume of water without pesticide to serve as untreated controls. Immediately after pesticide and water application, samples were mixed by hand, placed in aerated plastic bags and incubated as described above. At 0, 14, 26 (before and after pesticide application), 33, 48 (before and after pesticide application) and 69 days, subsamples (10 g) were removed from each replicate sample and analysed for pesticide residues by HPLC. A fraction (0.5 g) of the samples collected at the end of the incubation (69 days) was also processed for DNA extraction to determine the abundance of cehA and mcd genes.
Pesticide analysis
Residues of oxamyl and oxamyl oxime were extracted from soil (5 g) by shaking (in an orbital shaker at 150 rpm for 2 h) with 10 mL of an acetonitrile-water mixture (50:50 v:v). Carbofuran, iprovalicarb, pirimicarb and prosulforcarb were extracted from soil (5 g) by shaking with 10 mL of methanol, acetonitrile, a mixture of 50% acetonitrile +50% H 2 O + 0.01 M CaCl 2 , and 98% methanol +1% H 2 O + 1% H 3 PO 4 , respectively. Samples were then centrifuged for 10 min at 6606 × g and the clear supernatant was removed and filtered (Whatman no. 3) before analysis. Pesticide residues were determined in an HPLC-UV system equipped with a GraceSmart RP C18 column (150 mm × 4.6 mm; Grace Davison Discovery Sciences, USA). In all cases the flow rate of the mobile phase was 1 mL min −1 . A mobile phase of acetonitrile-water of 20:80 (v:v) and 40:60 (v:v) was used for the elution of oxamyl/oxamyl oxime and carbofuran, respectively. Detection of oxamyl/oxamyl oxime and carbofuran was achieved at 220 and 215 nm, respectively. Pirimicarb was eluted with a mobile phase of 55:45 (v:v) acetonitrile-water and detection was achieved at 245 nm. Prosulfocarb and iprovalicarb were analysed as described by Gennari et al. (2002) and Maity and Mukherjee (2009) , respectively. Pesticide residues were quantified by the external standard method using the calibration curves obtained by injection of standard solutions. Good linearity responses were obtained for all the compounds in the ranges studied (0.05-10 μg mL −1 ).
In order to verify the efficiency of the extraction methods described above, samples from soil L15 were spiked with each of the studied pesticides at three concentration levels (0.05, 0.5 and 5.0 μg g −1 ). Triplicates per concentration level were processed.
The mean percentage recovery for all pesticides in the three concentration levels tested exceeded 85%.
q-PCR of carbamate hydrolase genes in soil
DNA and RNA were extracted from 0.5 and 2 g of soil using the Power Soil DNA and Power Soil RNA Isolation Kit, respectively (MoBio Laboratories, Inc.). DNA/RNA integrity was checked by electrophoresis and they were quantified using a Qubit TM fluorometer (Invitrogen). q-PCR for the carbamate hydrolase genes cehA, mcd and cahA and for the 16S rRNA gene were performed in 10-20 μl reactions containing 1× KAPA SYBR R FAST qPCR Master Mix (2×) Universal, 0.2 μM of each primer, 50 nM ROX Low, 400 ng μL −1 BSA, and 10-50 ng DNA for the amplification of the carbamate hydrolase genes or 0.5 ng DNA for the amplification of the 16S rRNA gene. In particular cases (expression of mcd genes) the SSO Advanced SYBR master mix (2×) was used as described above with the only modification being the concentration of primers, which was adjusted to 0.3 μM. The hydrolase-specific primers utilised were designed based on the sequences of the respective genes (Table 3 ). The specificity of the designed primers was verified in samples from the soil L5 fortified with plasmid DNA (pGEM T-Easy vector) containing the target genes as inserts (no background detection of the target genes was observed in preliminary tests). Amplicons obtained from these tests and from the experiments performed with the agricultural soils and the pristine soils (all soils with positive amplification of cehA) were cloned. Overall 15 clones of the cehA gene (two and 13 from agricultural and pristine soils, respectively) and six clones of the mcd gene were sequenced. The sequences of all cehA clones were either identical or showed one to two mismatches with the sequence of the cehA gene of Rhizobium sp. (Accession No. NG 035559.1). All mcd clones sequences showed either 100% match or 1 bp difference with the mcd sequence of the strain Achromobacter WM111 (Accession No. AF160188). Sequences of the cehA and mcd genes were deposited in the NCBI database under the accession numbers KX710264-KX710278 and KX710279-KX710286. The thermocycling conditions used for the amplification of the carbamate hydrolase genes were as follows: 3 min at 95 o C; 45 cycles of 15 s at 95 o C, 60 s at 63 o C for cehA, 20 s at 62 o C for cahA and 20 s at 63 o C for mcd, 45 s at 72 o C; followed by a melting curve to check the specificity of the products. The 16S rRNA gene was amplified as described by Fierer et al. (2005) . The copy numbers of the target genes in soil samples were determined via external standard curves constructed as described before (Rousidou et al 2013) . q-PCR amplification efficiencies ranged from 85.9-104.1% with r 2 values >0.986 for all genes. The limit of detection for the cehA and mcd genes was ca. 53 and 70 copies per gram of soil
The expression of the cehA and mcd genes in soil L15 was determined via RT-q-PCR. Soil RNA (∼267 ng) was treated with DNase I (1 U μL -1 ) Amplification Grade (Invitrogen). The absence of DNA contamination was further confirmed by PCR of the 16S rRNA gene (Rousidou et al. 2013) . DNA-free RNA was then reverse-transcribed to obtain cDNA (kit Superscript II, Invitrogen) using random hexamers (Invitrogen). Amplification of cDNAs for the cehA and mcd genes was performed as described above for DNA.
Data analysis
Pesticide degradation data were described by first order kinetics (FOK) or by the biphasic hockey-stick (HS) kinetic model (FOCUS 2006) . The formation and decay pattern of the hydrolysis product of oxamyl, oxamyl oxime, were described by a model consisting of two first-order equations, each describing the formation and the decline phase (Bergstrom, Borjesson and Stenstrom 2011) and given by:
( 1) where C is the concentration of the chemical formed at a rate k 1 and degraded at a rate k 2 , M r,m and M r,p are the relative molecular masses of the metabolite and the parent compound, respectively, and k and C 0 are the end points of the parent compound after using the FOK model. In cases where a delay in metabolite formation is observed an intercept (int) can be included. Correlations between oxamyl DT 50 values soil properties and genes copy numbers were determined by the Spearman's correlation coefficient (r). Two-way ANOVA was used to determine the effect of time and pesticide application on the abundance and expression of the cehA and mcd genes. In cases where significant interactions between the two main factors were found, significant differences between treatments within each time point were determined by Tukey's post hoc test (P < 0.05). All statistical analysis was performed by using the SPSS 16.0 statistical program.
RESULTS
Degradation of oxamyl in agricultural soils
The degradation of oxamyl in the soils from the plateau of Lasithi was adequately described by the FOK model or the HS model (χ 2 < 15% in nearly all cases) ( Table 1 ). In most soils the degradation of oxamyl coincided with the formation of oxamyl oxime with its highest concentrations detected in soils L13, 14, 15, 16 and L18 (Fig. 1) . DT 50 ranged from 2.4 days in soil L18, having the highest pH, to 26.7 days in soil L12, which had the second lowest pH from the soils studied (Table 1) . q-PCR analysis in the agricultural soils detected the cehA and mcd genes in 10 and three soils, respectively (Fig. 2) . The cehA gene was the most abundant with its copies (g -1 soil) ranging from 2.3 × 10 3 to 8.5 × 10 5 compared with the mcd gene, which was detected at lower levels (1.3 × 10 2 -1.2 × 10 3 copies g −1 ). The cahA gene was not detected in the soils studied. The DT 50 values of oxamyl were negatively correlated with pH (−0.872, P < 0.01) and the abundance of the cehA gene (r = −0.717, P < 0.01), whereas the latter was positively correlated (r = 0.640, P < 0.01) with pH (Supplementary Table S1 ). The abundance of the mcd gene did not correlate with any of the parameters tested.
Degradation of other carbamates and the dynamics of the cehA and mcd genes in soil
The dynamics of the cehA and mcd genes upon application of a range of carbamate compounds (oxamyl, carbofuran, pirimicarb, prosulfocarb and iprovalicarb) was investigated (see chemical structures in Supplementary Fig. S2 ) in soil L15. Prosulforcarb and iprovalicarb are commonly used in the plateau of Lasithi as herbicides and fungicides, respectively, whereas carbofuran and pirimicarb (withdrawn from the market) were regularly used in the region up to 2005 and 2010, respectively. Oxamyl, carbofuran and prosulfocarb were almost fully degraded in 28 days, followed by iprovalicarb (>80% loss) and pirimicarb, which showed a slower degradation (Fig. 3a and  b) . The application of oxamyl and carbofuran induced a significant increase in the relative abundance (relative to the total bacterial abundance) of the cehA gene compared with the untreated samples and the samples treated with the other carbamates from day 7 onwards (Fig. 3c) . The increase in the abundance of the cehA gene coincided with the rapid degradation phase of oxamyl and carbofuran. Carbofuran was the sole compound that induced a significant increase in the relative abundance of the mcd gene from day 7 onwards (Fig. 3d) .
Expression of the cehA and mcd genes in soil L15 after treatment with oxamyl and carbofuran
Soil L15 was repeatedly treated four times with oxamyl or carbofuran and the degradation of the fourth pesticide addition was determined. Degradation of both compounds was particularly rapid with calculated DT 50 values (according to the FOK model) of 2.8 and 5.6 h for oxamyl and carbofuran, respectively ( Fig. 4a and b) . q-PCR analysis showed a significantly higher (P < 0.05) abundance of the cehA and mcd gene in the pesticidetreated samples compared with the untreated control from 0 to 74 h post-application ( Supplementary Fig. S3 ). RT-q-PCR analysis in the same samples showed that a fourth fresh application of oxamyl and carbofuran induced a significant increase in the transcript numbers (P < 0.05) of the cehA gene at 3 and 6 h, respectively ( Fig. 4c and d ). This coincided with the onset of the rapid degradation of the two carbamates. The expression levels of the cehA gene in the treated samples further increased until the degradation of the two carbamates was nearly complete (9 and 12 h) and reverted to the pro-application levels at 74 h when the degradation of oxamyl and carbofuran was completed. The transcript levels of the cehA gene in the carbamates-treated samples were significantly higher compared with the untreated control samples at all time points after pesticide application ( Fig. 4c and d) . Regarding mcd, the application of carbofuran resulted in a significant increase (P < 0.05) in its transcription in the soil compared with the untreated soil where no transcripts of the mcd gene were detected. (Fig. 4e) .
Degradation of oxamyl and carbofuran in pristine soils and the abundance of the cehA and mcd genes
The degradation of oxamyl and carbofuran in pristine soils successively treated (at 0, 26 and 48 days) with a mixture of the two pesticides is presented in Fig. 5 (oxamyl) and in Supplementary  Fig. S4 (carbofuran) . The degradation of oxamyl in pristine soils was generally more rapid compared with carbofuran. This is clearly illustrated by the complete or nearly complete degradation of the third application of oxamyl in 6 of the 10 soils tested (Fig. 5 ) compared with carbofuran whose residues persisted in Figure 1 . The dissipation of oxamyl (squares) and the formation of its hydrolysis product oxamyl oxime (triangles) in soils collected from the Plateau of Lasithi. Each value is the mean of three replicates ± standard deviation. The degradation patterns of oxamyl were fitted to the first-order kinetic (FOK) model or the biphasic hockey-stick (HS) model, whereas the formation and decay patterns of oxamyl oxime were fitted to a model described by Bergstrom, Borjesson and Stenstrom (2011) . all soils by the end of the study (Supplementary Fig. S4 ). The repeated applications of oxamyl resulted in the detection of the cehA gene (determined at the end of the incubation period, day 69), in five of the pristine soils tested (Table 2 ). This is in line with the complete degradation of oxamyl in those five soils (Fig. 5) . Interestingly, these five pristine soils were those with the highest pH (pH ≥ 7.23). In contrast the cehA gene copy numbers were below the limit of detection in all pristine soils with pH ≤ 6.8. Regarding untreated pristine soils, the cehA gene was only detected in the soil NAGREF (273.3 ± 232.6 copies g −1 ), which had the highest pH amongst the pristine soils studied (Table 2) . Statistical analysis indicated a significant positive correlation between pH and the abundance of the cehA gene (r = 0.681, P < 0.05). This correlation was more robust when the untreated samples were included in the analysis (r = 0.601, P < 0.01). On the other hand, the mcd gene was not detected in any of the soils studied.
DISCUSSION
Degradation studies of oxamyl in 16 agricultural soils collected from a potato monoculture area in Greece verified its short persistence (Osborn et al. 2010) . The degradation of oxamyl in the agricultural soils studied showed a clear pH dependence illustrated by the significant negative correlation between soil pH and DT 50 of oxamyl. Previous degradation studies of oxamyl were mostly performed in neutral to alkaline soils and failed to establish a correlation between soil pH and oxamyl persistence (Gerstl 1984; Osborn et al. 2010; Haydock et al. 2012) . The more rapid degradation of oxamyl in alkaline soils is probably a function of the higher catabolic activity of soil bacteria under alkaline conditions (Smelt et al. 1987 ) and the vulnerability of oxamyl to alkaline hydrolysis (Harvey and Han 1978) .
To further explore the interactions between pH and the fraction of the soil microbiota that drives the degradation of oxamyl we determined the abundance of the three currently known carbamate hydrolase genes, cehA, mcd and cahA, in the studied agricultural soils. The cehA gene was detected at the highest frequency and abundance. Its frequent occurrence is probably associated with the regular use of oxamyl in the study region in recent years. Previous studies with oxamyl-degrading bacteria showed the involvement of the cehA gene in the hydrolysis of oxamyl (Rousidou et al 2016) . This is further supported by the negative correlation between the abundance of the cehA gene and the DT 50 of oxamyl (Supplementary Table S1 ). In addition a positive correlation between the abundance of the cehA gene and pH was observed. In general alkaline soil conditions favour most bacterial taxa (Fierer and Jackson 2006; Rousk, Brookes and Baath 2009) and probably amongst these the fraction of the bacterial community that carry the cehA gene. The beneficial effect of soil pH on the activity of pesticide-degrading bacteria has been shown for other pesticides (Karpouzas and Walker 2000; Singh et al. 2003) . Bending et al. (2003) observed that growthlinked degradation of isoproturon by Sphingomonas spp., in soil was only possible at pH > 7.0.
The abundance of the mcd gene was not correlated with soil parameters and the degradation kinetics of oxamyl. The mere presence of this gene in the studied soils was surprising considering that carbofuran, which is the only carbamate that has been reported as substrate of the respective enzyme (Topp et al. 1993; Desaint et al. 2000 Desaint et al. ), was banned in 2004 Desaint et al. (last used in 2005 . The application of other carbamates, regularly used in the study region during the last 10 years, was put forward to explain the persistence of the mcd gene in the genetic pool of the soil microbial community. Tests in the soil L15 did not verify this hypothesis since none of the other five carbamates tested stimulated an increase in the abundance of the mcd gene. Alternatively, in the prolonged absence of its substrate, mcd could be maintained by a few members of the soil microbial community that are able to proliferate upon a fresh addition of carbofuran. Similar observations were reported by Cheyns et al. (2012) and Baelum et al. (2006) for atrazine and phenoxy-acid herbicides, respectively. They found that a single soil application of atrazine and 2-methyl-4-chlorophenoxyacetic acid (MCPA), 10-15 years after their last soil addition, triggered the proliferation of bacteria carrying the atzA/trzN and class III tfdA genes, respectively. These genes were not detectable or they had been detected at low levels before the fresh pesticide addition. The data presented provide novel insights into the ecological role of carbofurandegrading microorganisms and support earlier field studies that have reported a long persistence of the phenomenon of enhanced biodegradation of carbofuran for at least 3-5 years (Suett, Jukes and Phelps 1993; Smelt et al. 1996) .
The abundance of the cehA gene was stimulated by oxamyl and carbofuran. The positive response of cehA to the application of carbofuran was not surprising considering recent studies by Nguyen et al. (2014) who detected the cehA gene in a carbofurandegrading Novosphingobium strain. Subsequent studies by the same group demonstrated that the CehA carried by the Novosphingobium strain could expand its hydrolytic capacity to carbofuran through a single nucleotide transvertion (Öztürk et al. 2016) .
Despite the clear correlation between the degradation patterns of oxamyl and carbofuran and the dynamics of the cehA and/or mcd genes in soil L15, the transcription profile of these genes constitutes the absolute proof of their direct involvement in the hydrolysis of carbamates in soil. The active transcription (Table 2) , whereas graphs with blue bars indicate soils where the copy numbers of the cehA gene were below the limit of detection at 69 days. Pesticides concentration were determined before and right after the second (26b and 26a days) and the third (48b and 48a days) pesticide application. Each value is the mean of three replicates ± standard deviation of the cehA gene in soil L15 was positively correlated with the hydrolysis of a fresh addition of oxamyl and carbofuran. In line with this Rousidou et al. (2016) recently showed that the transcription of cehA in oxamyl-degrading bacteria was positively correlated with the hydrolysis of oxamyl. Similar transcription patterns were reported in the past for the tfdA and atz genes during degradation of fresh soil applications of the herbicides MCPA and atrazine, respectively (Baelum et al 2008; Monard et al. 2010) . Our findings provide the first evidence for the direct involvement of cehA in the hydrolysis of oxamyl and carbofuran in situ in agricultural soils.
Regarding the mcd gene, application of carbofuran stimulated its expression in soil verifying its specific role in the hydrolysis of carbofuran. The concurrent expression of both carbamate hydrolase genes in the soil L15 during degradation of carbofuran suggests an independent activity of the two enzymes against the same substrate. The co-occurrence of isofunctional catabolic genes in soil was first reported for classes I and III of the tfdA genes associated with the biodegradation of phenoxy-acid herbicides (Baelum et al. 2006) . Classes I and III of the tfdA genes are evolutionary related (78% sequence identity) (Baelum, Jacobsen and Holben 2010) and showed a remarkable compound-driven response with class I becoming dominant in the soil in response to 2,4-dichlorophenoxyacetic acid (2,4-D) application and class III taking over after soil treatment with MCPA (Baelum et al. 2008) . Horemans et al. (2016) first reported the concurrent presence in an agricultural soil of the evolutionarily unrelated linuron hydrolase genes libA and hylA, which were equally contributing to the biodegradation of linuron. This is in line with our findings that showed that two evolutionarily unrelated carbamate hydrolase genes mcd and cehA co-occur in agricultural soils. The concurrent presence and expression of the cehA and mcd genes in soil L15 after a fresh addition of carbofuran suggests that both genes contribute actively to the soil biodegradation of carbofuran. The substantially higher expression levels of the cehA over the mcd gene in soil L15 during degradation of carbofuran probably reflects the initial dominance of the cehA-carrying bacteria in the specific soil (see Fig. 2 ) and cannot support conclusions about the comparative efficiency of the two hydrolases on carbofuran. Overall our findings provide first insights into the functional redundancy of the environmental biodegradation of carbamates.
The occurrence of the cehA gene in several of the agricultural soils studied, in addition to its isolation from bacteria obtained from distant geographical areas, suggests its widespread distribution. This was further tested in pristine soils that had no prior exposure to synthetic carbamates and at the initiation of the experiment showed no detectable levels of the cehA and mcd genes. Repeated carbamate applications resulted in the detection of the cehA gene at low levels only in treated soils with pH > 7.23 and also in one of the untreated soils that had the highest pH (8.05). These results support our hypothesis for the widespread occurrence of the cehA gene, which is favoured by alkaline soil conditions and exposure to synthetic carbamates. The widespread distribution of the cehA gene in soils could be the result of a parallel evolutionary mechanism from a common ancestor, probably involved in the detoxification of natural carbamate soil compounds. Soil bacteria are exposed to natural bioactive carbamates through root exudation (Sicker et al. 2001) or produce natural carbamate compounds themselves. Maekawa, Toume and Ishibashi (2010) isolated carbamate-containing fuzanins from the culture of a soil actinobacterium, while Poupot et al. (1995) isolated a novel carbamoylated nodulation factor produced by the symbiotic bacterium Rhizobium etli. Phylogenetic analysis of the CehA protein (Fig. 6) showed that all currently characterised CehA proteins are highly conserved and show homology to a group of uncharacterised proteins carried by Figure 6 . Phylogenetic analysis of the 25 CehA amino acid sequences downloaded from NCBI. The evolutionary history was inferred by using the maximum likelihood method based on the JTT matrix-based model (Jones, Taylor and Thornton 1992) . Bootstrap support (1000 replicates) is shown next to the branches. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. All positions containing gaps and missing data were eliminated. There were a total of 555 positions in the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura et al. 2013). actinobacteria (Jiangella sp. and Kribbella sp.) and an acidobacterium (Terriglobus sp.) commonly found in soil (Eichorst, Breznak and Schmidt 2007; Lee 2008 ) and other environments (Urzi, De Leo and Schumann 2008; Kampfer et al. 2011) . These hypothetical proteins might constitute the distant ancestor of CehA, a hypothesis which remains to be tested.
Overall, our findings suggest that the biodegradation of oxamyl in soil is mediated by the cehA gene, whereas both the cehA and the mcd genes are involved in the soil biodegradation of carbofuran, a catabolic functional redundancy which is reported for the first time and warrants further analysis. Our findings have clear practical implications: (i) the detection of the mcd gene in agricultural soils, despite the long lapse of use of its substrate (carbofuran), suggests that once established enhanced biodegradation of carbamates could be persistent and potentially threatens, under conducive conditions, their longterm agronomic performance; and (ii) the widespread occurrence of the cehA gene in the studied potato monoculture region, in its extreme, could be a possible threat for the biological efficacy of oxamyl especially in soils with neutral to alkaline pH.
In addition, our findings provide preliminary evidence for the evolution of the cehA genes in agricultural and pristine soils from a common ancestor probably involved in the hydrolysis of natural carbamate compounds and stress the significant role of pH as a driver of the distribution of the cehA gene in soils.
